Abstract Hepatitis C virus (HCV) infection is one of the primary causes of liver cirrhosis and hepatocellular carcinoma. In hemodialysis patients, the rate of HCV infection is high and is moreover associated with a poor prognosis. In liver transplantation patients with HCV infection, recurrent HCV infection is universal, and re-infected HCV causes rapid progression of liver fibrosis and graft loss. Additionally, in patients with HCV and human immunodeficiency virus (HIV) co-infection, liver fibrosis progresses rapidly. Thus, there is an acute need for prompt treatment of HCV infection in these special populations (i.e., hemodialysis, liver transplantation, HIV co-infection). However, until recently, the standard anti-HCV treatment involved the use of interferon-based therapy. In these special populations, interferon-based therapies could not achieve a high rate of sustained viral response and moreover were associated with a higher rate of adverse events. With the development of novel direct-acting antivirals (DAAs), the landscape of anti-HCV therapy for special populations has changed dramatically. Indeed, in special populations treated with interferon-free DAAs, the sustained viral response rate was above 90%, with a lower incidence and severity of adverse events.
Introduction
Worldwide, it is estimated that 130-150 million people are currently infected with hepatitis C virus (HCV). HCV infection is one of the primary causes of liver cirrhosis and hepatocellular carcinoma [1] [2] [3] . HCV infection is also a common cause of liver transplantation (LT) [4] , and can lead to renal dysfunction [5, 6] . The rate of HCV infection is high in patients with end-stage renal dysfunction, especially in those on hemodialysis, as well as in patients infected with the human immunodeficiency virus (HIV) [7] [8] [9] [10, 11] . Importantly, the prognosis of hemodialysis patients with HCV infection is significantly worse than that of patients without HCV infection [12] [13] [14] . Thus, the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines highly recommend anti-HCV therapy for hemodialysis patients with HCV infection, provided that their life prognosis is favorable [6] . In liver-transplanted patients with HCV infection, recurrent HCV infection of the transplanted liver is universal [15] , and re-infected HCV causes rapid progression of liver fibrosis [16, 17] . In patients with HCV/HIV co-infection, liver fibrosis progresses more rapidly than in patients with HCV monoinfection, and many patients develop liver cirrhosis [18, 19] . Due to progress in antiretroviral therapy (ART), the mortality rate associated with acquired immunodeficiency syndrome (AIDS) has been decreasing [20] , and liver-disease-related death is currently the second most common cause of non-AIDS death in patients with HIV/HCV coinfection. Thus, there is an urgent need for prompt treatment of HCV infection in patients with HIV/HCV co-infection, patients with recurrent HCV infection after LT, and patients undergoing dialysis, whom we shall henceforth refer to as ''special populations.'' Until recently, the standard anti-HCV therapy involved the use of interferon (IFN)-based agents. However, IFN-based therapy for HCV could not achieve a high rate of sustained viral response (SVR) even in patients without complications, and provided even poorer SVR rates in special populations. In addition, treatment-induced adverse events (AEs) were more frequent in special populations than in HCV-infected patients without complications; these included rejection reactions against the liver graft in LT patients with recurrent HCV infection as well as severe anemia in hemodialysis patients and in HIV/HCV-co-infected patients treated with a certain type of anti-HIV regent. [21] [22] [23] . Therefore, safe and effective anti-HCV therapies are critical in these special populations.
A novel class of drugs referred to as direct-acting antivirals (DAAs) has recently been developed. DAAs directly target certain viral proteins such as HCV nonstructural (NS) proteins (HCV NS3, NS5A, and NS5B). Several clinical trials and real-world data have shown that IFN-free DAA-based therapies provide significantly better safety and therapeutic efficacy [24] [25] [26] [27] [28] [29] [30] . Initially, the majority of DAA trials excluded special populations, and thus the efficacy and safety of IFN-free DAA therapy in special populations remained unclear. However, several recent studies have shown that combination therapy with IFN-free DAAs offers high efficacy and safety even in special populations [31] [32] [33] [34] [ [35] [36] [37] [38, 39] . This recent evidence has revolutionized anti-HCV treatment and provided adequate therapeutic strategies for dialysis patients, patients with HIV co-infection, and patients with recurrent HCV infection after LT (Table 1) . On the other hand, drug-drug interactions remain a concern in all patients with comorbidities, and further investigation is warranted to clarify potential interactions between DAAs and immunosuppressive drugs (in patients with LT) or ARTs (in patients with HIV co-infection). Furthermore, careful attention should be paid to DAA elimination, especially in HCV-infected patients with severe renal dysfunction.
In this review, we discuss the evolution, current state, and remaining concerns in anti-HCV therapy for special populations such as patients on hemodialysis, patients with HIV co-infection, and patients with recurrent HCV infection after LT.
HCV infection in patients receiving hemodialysis
Patients with end-stage renal dysfunction (including those on hemodialysis) are more susceptible to HCV infection [7-9, 40, 41] . Moreover, HCV infection itself causes renal dysfunction [5] , including membrane-proliferative glomerulonephritis via mixed cryoglobulinemia [42] , and increases the risk of developing end-stage renal disease [43] . Importantly, HCV infection is a predictor of poor prognosis in hemodialysis patients, although it may worsen prognosis even in patients with normal renal function [44, 45] . In addition, HCV infection reduces the rate and length of survival of renal allografts [14] . Thus, various guidelines highly recommend anti-HCV therapy in HCVinfected dialysis patients, provided that their life prognosis is favorable [6, 46] . Treatment strategies in HCV-infected dialysis patients have shifted from IFN-based to IFN-free DAA therapies, based on recent evidence from clinical trials and studies in the clinical setting [31, 32, 47] ( Table 2) .
IFN-based therapy in hemodialysis patients
Until recently, IFN monotherapy or IFN in combination with ribavirin was the standard treatment strategy in HCVinfected patients regardless of renal function [6] . However, the SVR rate was not high among hemodialysis patients, partially because of a high incidence of AEs that led to treatment discontinuation. Careful monitoring for AEs is required in patients with severe renal dysfunction because both IFN and ribavirin are mainly excreted renally [48] , ribavirin cannot be eliminated by dialysis [46, 48] , and renal anemia caused by renal dysfunction can be aggravated by IFN-or ribavirin-induced anemia in hemodialysis patients. In fact, in Japan, ribavirin administration is contraindicated in patients with severe renal dysfunction [46, 48] .
In their meta-analysis regarding the safety and efficacy of IFN monotherapy in dialysis patients with HCV infection, Gordon et al. [21] reviewed 20 clinical studies and reported an overall estimated SVR rate of 41% (95% confidence interval [95% CI] 33-49%) and an overall treatment discontinuation rate of 26% (95% CI 20-34%). A recent meta-analysis by Fabrizi et al. [49] focused on the safety and efficacy of pegylated (Peg)-IFN monotherapy in HCV-infected patients on chronic hemodialysis. In this analysis, which included 744 patients described in 24 clinical studies, the overall estimated SVR rate was 40% (95% CI 35-46%) and the estimated treatment discontinuation rate was 14% (95% CI 9-20%). Thus, IFN or Peg-IFN monotherapy showed limited efficacy and was associated with a high rate of AEs, which is why such therapies have not been widely adopted in hemodialysis patients.
First-generation protease inhibitors such as telaprevir, boceprevir, and combination therapy with Peg-IFN and ribavirin achieved an SVR rate of 75-85% in patients with normal renal function [50] [51] [52] . However, severe AEs were reported, including cutaneous rash [53] , anemia, and renal impairment. The few studies that evaluated the therapeutic effectiveness of such agents in HCV-infected patients with renal dysfunction [54] [55] [56] reported highly variable SVR rates ranging from 17 to 86%.
IFN-free DAA combination therapy in hemodialysis patients
IFN-free DAA therapies were widely adopted as anti-HCV treatment strategies for dialysis patients once their safety and high effectiveness had been demonstrated even in HCV-infected patients with severe renal dysfunction, including those receiving hemodialysis. However, the administration of DAA to patients on hemodialysis should be performed with careful consideration of the DAA elimination route. For instance, sofosbuvir, one of the most potent DAAs, is metabolized via the kidney. Drug-drug interactions are another cause for concern, since hemodialysis patients typically have complex prescriptions.
Grazoprevir and elbasvir
The HCV NS3 protease inhibitor grazoprevir and the HCV NS5A inhibitor elbasvir are eliminated mostly through the liver, with less than 1% being excreted renally [57] . Pharmacokinetics analysis of elbasvir and grazoprevir showed that the area under the blood concentration-time curve (AUC) was, respectively, 25 and 10% higher in hemodialysis subjects than in subjects with normal renal function [57] . Thus, combination therapy with these DAAs could be administered to patients with severe renal dysfunction, including those receiving hemodialysis.
The phase 3 trial C-SURFER demonstrated the efficacy and safety of grazoprevir and elbasvir combination therapy in patients with HCV genotype (GT) 1 infection and severe renal dysfunction, including those receiving hemodialysis [31] . Among all the patients screened in this trial, 244 with severe renal dysfunction (including 179 hemodialysis patients) were randomly assigned to receive grazoprevir and elbasvir for 12 weeks (n = 111; immediate treatment group) or a placebo (n = 113; deferred treatment group). Independently from the randomization, 11 patients were administered grazoprevir and elbasvir, and pharmacokinetic evaluations were conducted. Overall, in patients treated with grazoprevir and elbasvir (111 randomized patients plus 11 patients who underwent pharmacokinetic evaluations), the SVR rate at 12 weeks (SVR 12 ) was 94.3% (115/122) in the intention-to-treat analysis set and 99% (115/116) in the modified full analysis set. No patients in the grazoprevir and elbasvir therapy group discontinued due to AEs. In fact, the rate of AEs did not differ between the treatment group and the placebo group. Additionally, no change in the mean estimated glomerular filtration rate (eGFR) or creatinine levels was observed. Quite recently, additional results of the C-SURFER study regarding treatment outcomes of the deferred group were reported. Overall, the SVR rate in the modified full analysis set was 98% (97/99), and the safety profile was similar to that of the immediate treatment group [58] . These reports clearly indicated that grazoprevir and elbasvir treatment for 12 weeks was safe and highly effective, even in patients with HCV GT1 infection and stage 4-5 chronic kidney disease (CKD).
Paritaprevir/ritonavir and ombitasvir with or without dasabuvir
The second-generation NS3 protease inhibitor paritaprevir is metabolized mainly through the liver, with AUC values reported to be 45% higher in subjects with severe renal dysfunction than in control subjects [59] . Ritonavir, which is administered to inhibit cytochrome P450 3A4 (CYP3A4), thus enhancing the effect of paritaprevir, was reported to have AUC values 114% higher in subjects with severe renal dysfunction than in control subjects. The HCV NS5A inhibitor ombitasvir is excreted via the biliary route, and its AUC values were similar in subjects with severe renal dysfunction and in those with normal renal function. The non-nucleoside NS5B polymerase inhibitor dasabuvir is also mainly metabolized through the liver; it has AUC values that are 50% higher in subjects with severe renal dysfunction than in control subjects [34] . Thus, combination therapy with these DAAs is not contraindicated in patients with severe renal dysfunction. Indeed, several recent studies have showed the safety and efficacy of combination therapy with ombitasvir, paritaprevir, and ritonavir ± dasabuvir in HCV-infected patients with severe renal dysfunction, including those receiving hemodialysis [31, 60] . However, in this regimen, special attention should be paid to drug-drug interactions, because ritonavir strongly inhibits CYP3A4.
The RUBY-I study showed the safety and efficacy of combination therapy with paritaprevir/ritonavir, ombitasvir, and dasabuvir ± ribavirin in patients with stage G4 or G5 CKD [31] . Twenty treatment-naïve, noncirrhotic patients with HCV GT1 infection and severe renal dysfunction were enrolled in this prospective study. Of those, 14 patients had CKD stage 5 or received hemodialysis. Patients with HCV GT1a infection (n = 13) were treated with this combination therapy plus ribavirin, while patients with HCV GT1b infection (n = 7) were treated without ribavirin. The overall SVR 12 rate was 90% (95% CI 69.9-97.2%, 18/20). All 20 patients completed the treatment. Most AEs were mild or moderate, and no renal AEs were reported.
Atsukawa et al. retrospectively analyzed the safety and efficacy of paritaprevir/ritonavir and ombitasvir in 31 hemodialysis patients with HCV GT1b infection [60] . The overall SVR 12 rate was 96.8% (30/31). Eleven patients (35.5%) experienced AEs. One patient discontinued this combination therapy due to AEs and experienced virological relapse. Concomitant drugs were discontinued or modified in 41.3% of the enrolled patients. Muñoz-Gómez et al. reported the safety and efficacy of ombitasvir/paritaprevir/ritonavir ± dasabuvir ± ribavirin in 46 patients with CKD stage 4/5 and HCV GT1-4 infection [61] . Of the 46 patients included in this multicenter retrospective study, 41.3% had to discontinue or modify their prescription of concomitant drugs. The overall SVR 12 rate (intention-to-treat analysis set) was 95.7%. Two patients (4.3%) discontinued this treatment due to AEs unrelated to antiviral therapy.
Asunaprevir and daclatasvir
The combination therapy with the NS5A inhibitor daclatasvir and the second-generation NS3 protease inhibitor asunaprevir was the first IFN-free DAA combination therapy to be approved in Japan. Asunaprevir is metabolized by CYP3A and eliminated mostly in the feces [62] . The pharmacokinetics of asunaprevir indicated that the peak serum concentration is 28.6% higher and the AUC is 10.1% lower in dialysis subjects than in subjects with normal renal function. For daclatasvir, the AUC is 26.9% higher in dialysis subjects than in subjects with normal function [63] . Thus, combination therapy with daclatasvir/ asunaprevir is not contraindicated in HCV-infected patients with severe renal dysfunction, including those receiving dialysis. In phase 3 trials enrolling patients with HCV GT1b infection and without severe renal dysfunction, a 24-week daclatasvir/asunaprevir combination therapy had a high SVR rate (84.2-84.6%) [27, 64] , with grade 3 AEs related to renal function being observed in only 1 of 222 patients (0.5%) [27] . Our study of real-world data confirmed that this therapy does not detrimentally affect renal function in nonhemodialysis patients [65] .
In the same study, which also enrolled 21 hemodialysis patients with HCV GT1 infection, we reported the efficacy and safety of daclatasvir/asunaprevir combination therapy [65] , with an overall SVR 12 rate of 95.5% (20/21). All 3 hemodialysis patients with the NS5A resistance-associated variant Y93H achieved SVR 12 . One patient (4.8%) discontinued treatment due to AEs. Toyoda et al. [66] also reported the efficacy and safety of daclatasvir/asunaprevir combination therapy for HCV GT1b-infected dialysis patients (overall SVR 12 rate, 100%; 28/28), and treatmentrelated AEs were similar to those noted among patients with normal renal function. Other reports [67, 68] confirmed the high efficacy of this combination therapy in hemodialysis patients, but included a relatively limited number of patients. We thus analyzed the efficacy and safety of this combination therapy in a nationwide retrospective study involving 123 hemodialysis patients with HCV GT1 infection. The overall SVR 12 rate was 95.9% (118/123), and 94.4% (17/18) of hemodialysis patients with NS5A resistance-associated variants achieved SVR 12 . Advanced fibrosis and the presence of the interleukin-28B non-TT GT at rs8099917 were significantly associated with non-SVR. Only 3.3% of patients discontinued therapy due to AEs, suggesting that this combination therapy is generally safe in hemodialysis patients [32] .
Sofosbuvir-based therapy
The NS5B polymerase inhibitor sofosbuvir is first metabolized to the pharmacologically active nucleoside analog triphosphate GS-461203 [69] , which is subsequently metabolized to the inactive metabolite GS-331007. Because GS-331007 is mainly excreted through the kidney, the GS-331007 AUC was much higher in patients with severe renal impairment (451%) or in those receiving hemodialysis (2070%) than in subjects with normal renal function. For sofosbuvir, the AUC was 60% higher in dialysis subjects than in control subjects [69] . These pharmacokinetic data indicate that exposure to the metabolite GS-331007 is dramatically increased in patients with severe renal dysfunction, which is why sofosbuvir administration is neither recommended nor contraindicated in patients with severe renal dysfunction or in those
receiving hemodialysis. On the other hand, a recent study reported that, although plasma levels of GS-331007 were elevated in hemodialysis patients treated with a sofosbuvircontaining regimen compared to those in subjects with normal renal function, no accumulation of sofosbuvir or GS-331007 during the treatment was observed [70] , and overexposure to GS-331007 was not associated with AE incidence. Saxena et al. [71] reported the safety and efficacy of sofosbuvir-based therapy in patients with severe renal dysfunction registered in the HCV-TARGET database. Overall, 15 of the 17 (88%) patients with eGFR B 30 mL/ min/1.73 m 2 and all 5 patients on hemodialysis at baseline achieved SVR 12 . However, compared to patients with normal renal function, those with severe renal dysfunction experienced significantly higher rates of renal function worsening and serious AEs.
On the other hand, several clinical studies have reported high efficacies (SVR rate: 88%, 7/8-100%, 15/15) and safeties of sofosbuvir-containing regimens in dialysis patients [72, 73] , but those studies had only small sample sizes. A clinical trial regarding the use of sofosbuvir plus ribavirin or ledipasvir/sofosbuvir in HCV-infected patients with renal dysfunction is ongoing (NCT01958281).
Glecaprevir/pibrentasvir
The second-generation NS3/4A protease inhibitor glecaprevir and the second-generation NS5A inhibitor pibrentasvir do not undergo significant renal excretion. Indeed, no clinically significant increase in glecaprevir/ pibrentasvir exposure was observed in patients with renal dysfunction [74] . A phase 3 trial regarding glecaprevir/ pibrentasvir therapy in patients with CKD stage 4-5 included 104 HCV-infected patients (GT1, 50%; GT2, 16%; GT3, 11%; GT4, 19%; GT5-6, 2%) with severe renal dysfunction and reported an overall SVR 12 rate of 98%, with most AEs being mild or moderate [75] . These results are very promising, suggesting that this pan-genotypic combination therapy could be used in dialysis patients with HCV GT2,3,5,6 infection, for which no approved drug was available until recently.
The approval of DAA regimens differs depending on the country or geographical area considered. When choosing the DAA regimen, the appropriate guidelines should be consulted, such as those issued by the American Association for the Study of Liver Diseases, the European Association for the Study of the Liver, or the Japan Society of Hepatology. In Japan, recommendations are based on treatment efficacy, safety, and duration; thus, paraparesis/ ritonavir and elbasvir as well as grazoprevir and elbasvir are recommended for hemodialysis patients with GT1 HCV infection, while glecaprevir and pibrentasvir are expected to be effective in hemodialysis patients with HCV infection, regardless of GT.
HCV infection in patients with HIV co-infection
Despite decreasing rates of AIDS-related mortality in HIV/ HCV co-infected patients [20] , most liver-disease-related deaths are thought to be due to HCV infection, liver fibrosis progresses more rapidly, and the risk of developing liver cirrhosis is high [18] [19] , prompting the need for adequate HCV treatment in this patient population. We summarize previous and current anti-HCV therapy strategies for patients with HIV/HCV co-infection in Table 3 .
IFN-based therapy in patients with HIV/HCV coinfection
Combination therapy with Peg-IFN and ribavirin used to be the standard strategy in HIV/HCV-co-infected patients. Successful eradication of HCV in such patients is believed to reduce the incidence of hepatocellular carcinoma, slow the progress to liver cirrhosis, and decrease liver-diseaserelated mortality [76] [77] [78] . However, the SVR rates were lower in patients with HIV/HCV co-infection (27-40%) than in those with HCV monoinfection, while the discontinuation rate due to AEs was high (12-39%) [79] [80] [81] .
Peg-IFN 1 ribavirin 1 protease inhibitor in patients with HIV/HCV co-infection
The first reports regarding the outcomes of triple therapy with Peg-IFN, ribavirin, and an HCV protease inhibitor [82, 83] indicated improved SVR rates over those of Peg-INF and ribavirin therapy in HIV/HCV-co-infected patients. However, the efficacy and safety profiles have so far been inferior to those of IFN-free DAA therapy, which is why these triple therapies have not been adopted as the standard strategy in HIV/HCV-co-infected patients.
IFN-free DAA therapy in patients with HIV/HCV co-infection
While drug-drug interactions between DAAs and ARTs should be carefully monitored, the safety and efficacy of IFN-free DAA therapy in HIV/HCV-co-infected patients are similar to its safety and efficacy in HCV monoinfected patients.
Sofosbuvir and ribavirin
Two large phase 3 trials (PHOTON-1 and PHOTON-2) reported the efficacy and safety of sofosbuvir and ribavirin in patients co-infected with HCV GT1-4 and HIV [84, 85] . In PHOTON-1, 223 HIV patients co-infected with HCV/ GT1-3 were assigned to receive body-weight-adjusted ribavirin and sofosbuvir combination therapy for 12 weeks (treatment-naïve HCV GT2,3) or 24 weeks (HCT GT1 and treatment-experienced HCV GT2,3). The SVR 12 rates were 76, 88, and 67% in HIV patients with HCV GT1, treatment-naive HCV GT2, and treatment-naïve HCV GT3, respectively (12-week regimen), compared to 92 and 94% in HIV patients with treatment-experienced HCV GT2 and treatment-experienced HCV GT3, respectively (24-week regimen). Seven patients (3%) discontinued HCV treatment due to AEs. The PHOTON-2 trial reported the efficacy and safety of sofosbuvir and ribavirin in 274 HIV patients co-infected with HCV GT1-4. The SVR 12 rates for the 24-week regimen were 85, 88, 89, and 84% in HIV patients with HCV GT1, GT2, GT3, and GT4, respectively. Six patients (2%) discontinued treatment due to AEs, and four patients (1%) experienced serious AEs.
Sofosbuvir/ledipasvir
The efficacy and safety of sofosbuvir/ledipasvir combination therapy for both ART-naïve and ART-treated HIV/ HCV-co-infected patients were reported by several clinical trials and real-world studies [35] [36] [37] . In the phase 2 ERADICATE trial, 50 treatment-naïve, noncirrhotic patients co-infected with HIV and HCV GT1 were treated with sofosbuvir/ledipasvir [35] . Overall, 98% of patients (95% CI 89-100%; 49/50) achieved SVR 12 and no patients discontinued the treatment due to AEs. In the phase 3 ION-4 trial, 335 patients co-infected with HIV and HCV (75, 23 , and 2% were GT1a, GT1b, and GT4, respectively; 20% had liver cirrhosis) receiving ART were treated with a 12-week sofosbuvir/ledipasvir regimen [36] . Overall, 96% of patients (95% CI 93-98%; 322/335) achieved SVR 12 (96, 96 , and 100% of patients with HCV GT1a, GT1b, and GT4, respectively). Among cirrhosis patients, 94% (63/67) achieved SVR 12 . All patients completed this treatment, and no lethal AEs were observed. Of the 966 HIV/HCV-coinfected patients included in the real-world study by Bhattacharya et al., 757 (78%) patients were treated with a 12-week sofosbuvir/ledipasvir ± ribavirin regimen. SVR 12 was achieved in 92.1% (631/685) and 86.3% (113/131) of patients treated with sofosbuvir/ledipasvir and sofosbuvir/ ledipasvir ? ribavirin, respectively [86] . Notably, co-administration of ledipasvir and tenofovir disoproxil fumarate (TDF) as part of the ART regimen caused an increase in TDF serum concentration. Thus, when administering sofosbuvir/ledipasvir, patients receiving TDF-containing ART should be carefully monitored for AEs, including renal dysfunction.
Paritaprevir/ritonavir/ombitasvir/dasabuvir
The phase 3 trial TURQUOISE-1 reported the efficacy and safety of paritaprevir/ritonavir/ombitasvir/dasabuvir (3D) therapy for HIV patients co-infected with HCV GT1 and receiving ART [87] . In this study, 63 patients were treated with 12-or 24-week 3D/ribavirin regimens. The SVR rate was 94% (95% CI 79-98%; n = 31) for the 12-week regimen and 91% (95% CI 76-97%; n = 32) for the 24-week regimen. One patient withdrew consent, two experienced virological failure, and two experienced HCV re-infection. AEs were generally mild, and no patients discontinued treatment due to AEs.
Elbasvir/grazoprevir
The phase 3 trial C-EDGE CO-INFECTION reported the efficacy and tolerability of grazoprevir and elbasvir for HIV patients co-infected with GT1,4,6. Both ART-naïve and ART-treated HIV/HCV co-infected patients were included [88] . Overall, the SVR 12 rate was 96% (95% CI 92.9-98.4%; 210/218). Eight patients did not achieve SVR 12 (one due to nonvirological causes; seven experienced virological relapse). All 35 patients with liver cirrhosis achieved SVR 12 . No patients discontinued treatment due to AEs. Two patients who received ART experienced HIV viremia during treatment, but HIV plasma levels eventually became undetectable without requiring a change in the ART regimen.
Sofosbuvir/velpatasvir
The phase 3 trial ASTRAL-5 reported the safety and efficacy of sofosbuvir and the NS5A inhibitor velpatasvir for HIV patients who were co-infected with HCV GT1-4 and receiving ART [89] . The overall SVR 12 rate was 95% (95% CI 89-99%; 101/106), with a SVR 12 rate of 95% (74/ 78), 100% (11/11), 92% (11/12), and 100% (5/5) for patients with HCV GT1, GT2, GT3, and GT4, respectively. All 19 patients with liver cirrhosis achieved SVR 12 . Of the five patients who failed to achieve SVR 12 , two had virological failure and the other three had nonvirological failure (two were lost to follow-up and one withdrew consent). In this trial, two patients (1.9%) discontinued treatment due to AEs (one achieved SVR 12 , the other withdrew consent). Although no clinically significant change in renal function was recorded, it should be noted that no patients with creatinine clearance \ 60 mL/min were included in this study. Therefore, renal function should be carefully monitored in patients receiving TDF with sofosbuvir/velpatasvir co-administration.
Sofosbuvir/daclatasvir
The phase III trial ALLY-2 reported the efficacy and safety of 8-week or 12-week regimens with daclatasvir plus sofosbuvir in HIV patients co-infected with HCV GT1-4 (83% with GT1) [90] . Treatment-naïve patients (n = 151) were randomized to receive either the 8-week or 12-week treatment, whereas all treatment-experienced patients (n = 52) received the 12-week treatment. The SVR 12 rates for the 12-week treatment were 97% (95% CI 91.6-99.4%) and 98.1% (95% CI 89.7-100%) in treatment-naïve and treatment-experienced patients, respectively. On the other hand, SVR 12 was not as high for the 8-week treatment (76.0%; 95% CI 61.8-86.9%). All patients completed the treatment, and the most common AEs were fatigue, nausea, and headache.
As explained in this section and illustrated in Table 3 , IFN-free DAA combination therapy is highly effective and very well tolerated in HCV/HIV-co-infected patients, although the risk of drug-drug interactions between DAAs and ARTs should be kept in mind, and the treatment regimen should be chosen with consideration of the co-administered ARTs. It is expected that HCV protease inhibitors (asunaprevir, paritaprevir, grazoprevir) should be able to be co-administered with no significant drug-drug interactions with ARTs such as integrase inhibitors (raltegravir, dolutegravir) and some nucleoside analog reverse transcriptase inhibitors (lamivudine, TDF). Ledipasvir is known to interact with TDF, elevating the TDF blood concentration. Thus, AEs such as renal dysfunction should be monitored. When applying DAA therapy in patients with HCV/HIV co-infection, collaboration with the HIV treatment specialist should be sought. A detailed list of drug-drug interactions between DAAs and ARTs, as well as advice regarding the optimal timing for DAA therapy initiation in HIV/HCV-co-infected patients, can be found in the Department of Health and Human Services treatment guidelines (www.aidsinfo.nih.gov). Basically, ART should always be considered in patients with HIV/HCV co-infection, regardless of CD4 cell count. In ART-naïve patients with a CD4 count [ 500 cells/mm 3 , ART may be deferred until the completion of anti-HCV therapy. In HCV/HIV-co-infected patients with CD4 counts of \ 200 cells/mm 3 , it may be advisable to initiate ART first.
HCV recurrence after liver transplantation
In LT recipients, recurrent HCV infection is universal and HCV replication begins within hours after LT [15] , causing rapid progression of liver fibrosis [16, 17] . Within the first 5 years post-transplantation, 20-54% of patients with recurrent HCV infection develop liver cirrhosis [17] , and, once liver cirrhosis is established, 42% of these patients develop decompensated liver cirrhosis within 1 year [16] . On the other hand, successful HCV eradication is significantly associated with longer survival of patients with recurrent HCV infection after LT [91] . In addition, a small number of patients with recurrent HCV infection develop fibrosing cholestatic hepatitis, which, if left untreated, leads to rapid graft loss within several months. Thus, the need for effective and safe anti-HCV therapy is especially acute in patients with recurrent HCV infection after LT.
IFN-based therapy in patients with HCV recurrence after liver transplantation
Before the development of DAAs, anti-HCV treatment was especially challenging in patients with recurrent HCV infection after LT, as IFN-based therapy (Peg-IFN plus ribavirin) did not provide satisfactory outcomes and moreover increased the risk of liver graft rejection during the treatment [92] [93] [94] . A systematic review of 16 studies describing the outcomes of Peg-IFN/ribavirin therapy in 611 patients with recurrent HCV infection revealed an overall SVR 24 rate of 30.2% (range 8-50%), and approximately 30% of patients discontinued the therapy due to AEs [95] . Recent reports have demonstrated the safety and efficacy of combination therapy with HCV protease inhibitor/Peg-IFN plus ribavirin in patients with recurrent HCV infection after LT [93, 96] , but efficacy and discontinuation rates varied widely (SVR rate, 20-84%; discontinuation rate, 0-70%). Importantly, Levitsky et al. reported that patients with recurrent HCV infection after LT who received Peg-IFN-based therapy occasionally developed severe immune-mediated graft dysfunction, resulting in shorter graft survival [97] . Thus, in the era of IFN-free DAAs, IFN-based therapy is not recommended as the standard treatment in patients with recurrent HCV infection after LT.
IFN-free DAA therapies in patients with HCV recurrence after liver transplantation
Several IFN-free DAA regimens have been proven to have high efficacy and safety in patients with recurrent HCV infection after LT (Table 4) . However, such treatments should be applied carefully, with consideration of the potential drug-drug interactions between DDAs and immunosuppressants such as calcineurin inhibitors (cyclosporine, tacrolimus). The HCV protease inhibitors simeprevir, grazoprevir, and elbasvir are not recommended for co-administration with cyclosporine. In addition, it is necessary to monitor blood tacrolimus levels during coadministration of simeprevir or grazoprevir. Similarly, coadministration of any major immunosuppressant with paritaprevir/ritonavir/ombitasvir ? dasabuvir should only be performed while carefully monitoring the serum levels of immunosuppressant [98] .
Sofosbuvir/ribavirin
The first report on IFN-free DAA therapy in patients with recurrent HCV infection after LT described the outcomes of a 24-week sofosbuvir/ribavirin regimen. Of the 40 patients enrolled, 83% were infected with HCV GT1 (the rest were infected with HCV GT3,4) and 40% had liver cirrhosis. The overall SVR 12 rate was 70% (90% CI 56-82%; 28/40). Two patients (5%) discontinued this combination therapy due to AEs, but no patients experienced death, lethal AEs, graft loss, or graft rejection episodes [99] .
Daclatasvir ? asunaprevir
Recently, Ikegami et al. reported the safety and efficacy of a 24-week regimen with asunaprevir and daclatasvir but without ribavirin or IFN in a multicenter study enrolling 74 Japanese patients with recurrent HCV GT1b infection after LT. The overall SVR rate was 80.3%. Previous history of simprevir treatment and infection with HCV with NS5A resistance-associated variants at baseline were significantly associated with non-SVR. The majority of the patients (82.4%) completed this treatment, and no lethal AEs or deaths were noted [100] .
Ledipasvir/sofosbuvir with or without ribavirin
The large randomized phase 2 study SOLAR-1 reported the safety and efficacy of sofosbuvir/ledipasvir plus ribavirin treatment in 223 patients with recurrent HCV (mostly GT1) infection after LT, who were randomized to receive the 12-week or 24-week regimen. The SVR 12 rate in patients without liver cirrhosis (n = 111) or with Child-Pugh grade A (n = 51) was 96-98%, compared to 85-88% in patients with Child-Pugh grade B and 60-75% in those with ChildPugh grade C. The SVR rates were similar between the groups (i.e., 12-week versus 24-week regimen). The rate of treatment discontinuation due to AEs was 2%, and four patients died due to liver decompensation [38] . Similarly, the multicenter, open-label, randomized, phase 2 trial SOLAR-2, conducted in Europe, reported high efficacy and safety for sofosbuvir/ledipasvir therapy in 227 patients with HCV recurrence after LT [101] . Among patients without cirrhosis or with Child-Pugh grade A after LT, the SVR 12 rate was 95.2% and 98.8% in the 12-week and 24-week treatment groups, respectively. Among patients with Child-Pugh grade B or C, the SVR12 rates were 33-100%. The rate of treatment discontinuation due to AEs was 2% and 7 patients died, mainly from complications related to hepatic decompensation and infection.
A very recent report regarding the efficacy and safety of a 12-week sofosbuvir/ledipasvir regimen without ribavirin described 54 Japanese patients with recurrent HCV infection (GT1b) after LT. Patients with decompensated liver cirrhosis or severe renal dysfunction were excluded from this study. The overall SVR 12 rate was 98% (53/54). One patient developed pneumonia at 4 weeks after the initiation of treatment and died thereafter, but the remaining 53 patients completed the treatment. This sofosbuvir/ledipasvir combination treatment was well tolerated in most patients. One patient died due to pneumonia [102] .
Daclatasvir ? sofosbuvir with or without ribavirin
The phase III trial ALLY-1 demonstrated the efficacy and safety of a 12-week daclatasvir/sofosbuvir regimen ± ribavirin in 53 patients with recurrent HCV infection (GT1, n = 41; GT3, n = 11; GT6, n = 1) after LT. The overall SVR rate was 94% (50/53), with an SVR rate of 97% for GT1a, 90% for GT1b, and 91% for GT3. One patient (2%) discontinued treatment due to AEs, five patients (9%) experienced serious AEs, but no deaths were noted [103] .
Fontana et al. reported the results of regimens involving sofosbuvir/daclatasvir ± ribavirin or daclatasvir/simprevir plus ribavirin in patients with recurrent HCV infection after LT. In this study, 77 patients were treated with sofosbuvir/daclatasvir and ribavirin, among whom the SVR rate was 91% [104] .
Paritaprevir/ritonavir/ombitasvir/dasabuvir ? ribavirin The phase 2 trial CORAL-II reported the efficacy and safety of a 24-week regimen involving paritaprevir, ritonavir, ombitasvir, dasabuvir, and ribavirin in patients with recurrent HCV infection after LT. Thirty-four patients with HCV GT1 recurrence after LT and mild liver fibrosis (F0-F2) were included in this multicenter study. The overall SVR 24 rate was 97% (95% CI 85-100%). One patient discontinued this therapy due to AEs, and two patients experienced serious AEs, but no death was noted. Because the regimen contained ritonavir, the blood concentration of calcineurin inhibitors was carefully monitored [39] .
Simeprevir ? sofosbuvir
Several studies demonstrated the safety and efficacy of combination therapy with sofosbuvir/simeprevir ± ribavirin. Pungpapong et al. conducted a retrospective multicenter study that enrolled 123 patients with HCV GT1 recurrence after LT. The overall SVR 12 rate was 90% [105] . Three patients discontinued this therapy due to AEs, J Gastroenterol (2018) 53:591-605 601
and one patient died due to pneumonitis. Brown et al. reported the outcomes of a 12-week or 24-week sofosbuvir/ simprevir regimen ± ribavirin in patients with recurrent HCV infection after LT (HCV-TARGET study) [106] . This study included 151 patients with recurrent HCV GT1 infection, and 64.2% of patients had liver cirrhosis. The overall SVR rate was 88% (95% CI 82-93%; 133/151), with 11.9% of patients experiencing serious AEs and 4 patients discontinuing these therapies due to AEs. Three patients died due to pneumonia, suicide, and multi-organ failure.
The approval of DAA regimens differs with the country or geographical area. In Japan, recommendations for HCV treatment in LT recipients take into consideration realworld data; specifically, sofosbuvir and ledipasvir are recommended for patients with recurrent HCV GT1 infection after LT.
Conclusion
In this review, we discussed the efficacy and safety of novel DAAs in special populations consisting of hemodialysis patients, patients with HIV/HCV co-infection, and patients with recurrent HCV infection after LT. The development of novel DAAs has dramatically changed the landscape of anti-HCV therapy in these special populations, which were historically classified as difficult to treat. The SVR rate of IFN-free DAA therapies in such patients is very high ([ 90%), with fewer and less-severe AEs. Until recently, no IFN-free DAA regimen had been approved for hemodialysis patients with HCV GT2,3,5,6 in any country. However, the clinical trial of glecaprevir and pibrentasvir revealed that this combination therapy might address this unmet need in hemodialysis patients. However, several issues remain. The data on sofosbuvir treatment outcomes in dialysis patients are limited, so the use of sofosbuvir in dialysis patients remains off-label and should only be conducted by experienced physicians with the full informed consent of the patients. In addition, considering the risk of drug-drug interactions between DAAs and ARTs in patients with HIV/HCV co-infection, or between DAAs and immunosuppressive drugs in patients with recurrent HCV infection after LT, careful monitoring for AEs should be performed, and further data on such interactions should be obtained. We are convinced that such aspects will be clarified in the near future based on further data from ongoing clinical trials and real-world studies.
